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Abstract 
The ba 3 quinol oxidase from Paracoccus denitrificans has been purified by a new protocol eading to significantly 
higher yields than previously reported (Richter et al. (1994) J. Biol. Chem. 269, 23079-23086). In an SDS PAG an 
additional protein band compared with the previous preparation appears, which can be identified as the major form of 
subunit II. All protein bands can be assigned to genes of the qox operon by N-terminal sequencing, indicating that the 
oxidase consists of four subunits. In addition to one heme A, one heme B, and one copper atom, the preparation contains 
two ubiquinone molecules per enzyme. The oxidase is further characterized by electron paramagnetic resonance (EPR), 
circular dichroism (CD) and magnetic ircular dichroism (MCD) spectroscopy. 
Kevwords: Heine-copper oxidase; Qox operon" Circular dichroism; Magnetic circular dichroism; Lipoprotein; (Thermus thermophilus) 
1. Introduction 
Paracoccus denitrificans is a gram-negative soil 
bacterium, which expresses three different terminal 
oxidases [1]. Two cytochrome-c oxidases, one of the 
cytochrome aa3-type and one of the cytochrome 
cbb3-type have been described. A further branching 
point in the respiratory chain is found at the level of 
Abbreviations: PAG(E), polyacrylamide g l (electrophoresis); 
CD, circular dichroism; MCD, magnetic circular dichroism; 
TXRF, total reflection X-ray fluorescence; EPR, electron para- 
magnetic resonance: IMAC, immobilized metal affinity chro- 
matography. 
* Corresponding author. Fax: +49 69 79829244; e-mail: lud- 
wig @ em.uni-frankfurt.d400.de. 
ubiquinone. Both cytochrome-c oxidases and the 
quinol oxidase belong to the heme-copper oxidases. 
Members of this family are characterized by a binu- 
clear centre in subunit I consisting of a high-spin 
heme and a Cu B site, where oxygen reduction takes 
place [2-5]. Moreover, a second heme component is 
found in the same subunit. All heine-copper oxidases 
pump protons against an electrochemical gradient 
across the membrane to generate a proton motive 
force. 
Heme-copper oxidases can be divided into two 
groups according to their electron donor, which is in 
one case the one-electron carrier cytochrome c, in the 
other case the two-electron carrier ubiquinol. Struc- 
turally these two classes differ in subunit II. Cy- 
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tochrome-c oxidases contain a further metal centre in 
this subunit, which is a binuclear Cu a site in aa3-type 
oxidases, whereas cbb3-type oxidases contain two 
additional subunits carrying c-type hemes. Quinol 
oxidases lack any metal centre in subunit II, so that 
these enzymes only accommodate hree redox-active 
metal ions. The oxygen reduction mechanism of both 
types of enzyme is believed to be identical [6]. In the 
bo 3 quinol oxidase from E. coli bound ubiquinone 
was detected [7,8] which may play the role of the 
Cu a in cytochrome-c oxidases. However, no other 
quinol oxidase has so far been shown to contain 
bound quinones. 
The cytochrome ba 3 quinol oxidase from P. deni- 
trificans has been purified and shown to contain an 
a-type heme in its high-spin site and a b-type heme 
in its low-spin site [9,10]. The yield of the previous, 
time-consuming purification was only 5% based on 
enzymatic activity, although an overproducing strain 
was used. In a SDS PAG five protein bands were 
detected, but only four genes organized in an 
operon-like structure (qoxABCD) were found by 
DNA sequencing. The appearance of the fifth protein 
band in the SDS PAG could not be explained. 
Here we present a new purification protocol and 
further characterization of the ba 3 quinol oxidase 
from P. denitrificans. In the preparation a major 
form of subunit II appears in the SDS PAG. The 
identity of all four gene products of the qox operon is 
now confirmed by N-terminal sequencing of the sub- 
units of the quinol oxidase. Evidence for a further 
electron carrier besides heme A, heme B and the Cu B 
is presented. The spectroscopic characterization i - 
cludes EPR, CD and MCD spectra of the purified 
quinol oxidase. 
2. Materials and methods 
2.1. Strain and growth condition 
Paracoccus denitrificans strain G440 (deletion 
mutant in the fbc operon coding for the cytochrome 
bc I complex, Afbc::neo) was grown on succinate 
medium [11]. For site-directed mutagenesis experi- 
ments use was made of P. denitrificans ORI 2/4,  
which is deleted in the qox operon and no expression 
of any quinol oxidase is observed. This strain was 
complemented with a broad host-range plasmid [11] 
carrying the mutated qox operon. The strain was 
grown as described above except that streptomycin 
sulfate (25 p~g/ml) was added to the growth medium. 
Cells were disrupted and membranes i olated as de- 
scribed previously [12]. 
2.2. Activity assay 
Enzymatic activity of the solubilized fraction was 
measured at room temperature in a Kontron Uvikon 
941 at 275 nm in 50 mM KP i (pH 7.5), 1 mM EDTA, 
5 g/1 dodecyl ethoxysulfate [10] and 50 IxM of the 
decyl analog of ubiquinol (Sigma) (Ae ...... d. 275nm = 
12.5 mM Icm 1). 
2.3. Isolation of the ba ~ quinol oxidase 
All steps were performed at 4°C. Membranes were 
solubilized in the presence of 1.5 g n-dodecyl-13-D- 
maltoside per 1 g membrane protein in 50 mM KP i 
(pH 7.0), 1 mM EDTA, 50 mM NaC1 and 50 IxM 
Pefabloc SC (Biomol, Hamburg). Alter centrifugation 
at 100000 × g, the supernatant was loaded onto a 
Q-Sepharose Fast Flow column (Pharmacia), equili- 
brated with a buffer containing 20 mM KP~ (pH 7), 
100 mM NaC1 and 0.5 g/1 dodecyl maltoside. The 
elution was done with five column volumes of a 
linear salt gradient from 100-500 mM NaCI in equi- 
libration buffer. Pooled fractions were applied to an 
immobilized metal affinity chromatography column 
(IMAC, Fast Flow Sepharose, Pharmacia), loaded 
with copper and equilibrated with 20 mM KP i (pH 
7.0), 150 mM NaC1, 0.5 g/1 dodecyl maltoside. A 
linear gradient of five column volumes containing 0 
to 100 mM imidazole in the equilibration buffer and 
one volume of the buffer with the final imidazole 
concentration was used for elution of the column. 
Fractions with the highest specific enzymatic activity 
were concentrated 20-fold and chromatographed on a 
gel filtration column (Ultrogel AcA 34, Serva) equili- 
brated with 20 mM KP i (pH 7), 100 mM NaC1, 1 mM 
EDTA and 0.2 g / l  dodecyl maltoside. Fractions were 
pooled according to enzymatic activity and SDS PAG, 
concentrated and stored at - 80°C. Protein determina- 
tion and SDS PAGE were performed as described 
elsewhere [ 13-15]. 
For the experiment including protease inhibitors, 
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the following concentrations were used for cell dis- 
ruption: aprotinin, 74 ~M; E 64, 1.4 txM; pepstatin, 
1 ixM; Pefabloc SC, 0.4 mM, phosphoramidon, 7 
IxM; leupeptin, 1 IxM (all Boehringer, Mannheim). 
Phosphoramidon a d leupeptin were also used in the 
subsequent purification steps in the same concentra- 
tions. 
2.4• Site-directed mutagenesis 
Site-directed mutagenesis was done according to 
• S '  the 'altered slte,~ mutagenesis protocol (Promega, 
Heidelberg). 
2.5. N-terminal sequencing 
1 mg of purified ba 3 quinol oxidase was elec- 
trophoresed on a Tricine SDS gel [15], blotted onto a 
polyvinylidene difluoride membrane and stained with 
Coomassie-Blue G 250 (Serva, Heidelberg) in 25% 
methanol, 10% acetic acid. All major protein bands 
were directly submitted to N-terminal sequencing 
with an Applied Biosystems 473A sequencer 
(Weiterstadt) with an on-line phenylthiohydantoin de-
tector. 
2.6. Metal and phosphorus analysis 
The copper content of the protein complex was 
measured by atomic absorption with the graphite tube 
technique on a Perkin Elmer AAS 2380. A simultane- 
ous determination of copper, iron, phosphorus and 
sulfur content was done by total reflection X-ray 
fluorescence analysis [16]. The sample buffer was 
100 mM Tris/acetate (pH 8), 1 mM EDTA, 0.2 g / l  
dodecyl maltoside. 
2.7. Quinone extraction 
Bound quinone molecules of the purified ba 3 
qu ino l  ox idase  were  ext racted  wi th  
chloroform/ethanol as described in Ref. [17] or with 
a mixture of methanol and light petroleum as de- 
scribed in Ref. [18]. Difference spectra were recorded 
in 80% ethanol 20% 50 mM KP i (pH 7.5) and the 
extinction coefficient (272 nm) of 12.5 mM-1 cm ] 
was used to determine the concentration. 
2.8. Spectroscopy 
Optical spectra were recorded on a Bruins Omega 
10 spectrometer, separation of individual heme spec- 
tra was done according to Ref. [19]. For quantitation 
of the heme b content a Aered-ox, 563mn = 18 
mM-~cm-t  was used. EPR spectra were measured 
on a Bruker ER 200 cw spectrometer. CD and MCD 
spectra were recorded on a CD-spectropolarimeter 
Jasco J-720 with an additional equipment for MCD 
spectroscopy. 
3. Results and discussion 
3.1. Purification 
The ba 3 quinol oxidase from Paracoccus denitrif- 
icans has previously been purified and optical spectra 
have been recorded [9,10]. Here we report a new 
purification scheme with significantly higher yields 
compared with the one of Richter et al. [10]. 
The new protocol involves three chromatographic 
steps including (1) ion exchange, (2) immobilized 
metal affinity chromatography (IMAC) with copper 
as metal ion and (3) gel filtration. Especially IMAC 
leads to an almost pure enzyme complex (Fig. 1A). 
The subsequent gel filtration step is necessary to 
eliminate the imidazol which is used in the elution 
buffer of the IMAC. Imidazole is able to complex 
heme components and may disturb the characteristic 
spectral properties of the hemes. Very recently good 
purification results with three other bacterial terminal 
oxidases of the heme-copper family have been 
achieved, when IMAC was used as a chromato- 
graphic technique [20]. Especially histidine and tryp- 
tophane residues are known to exhibit a high affinity 
to the IMAC material [21], a surface property obvi- 
ously shared by several of the terminal oxidases as 
well. 
When column fractions were analyzed for enzy- 
matic activity, no evidence for a second quinol oxi- 
dase expressed under this growth condition was found. 
Investigations of membranes from quinol oxidase 
deletion strains confirm this result [1]. 
The yield of the new purification scheme is about 
30% based on enzymatic activity (Table 1), which is 
significantly higher than 5% which was achieved by 
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Fig. 1. Purification of the quinol oxidase from P. denitrificans. 
(A) Separation on a 10% Tricine SDS gel of fractions obtained 
during the purification according to Table 1. (a) 50 tzg mem- 
branes of strain G440 (b) 40 o,g of solubilized protein (c) 20 ~g 
after Q-Sepharose (d) 10 p,g after IMAC (e) 6 p,g after gelfiltra- 
tion (f) molecular weight standards: myosin 200 kDa, f3-galacto- 
sidase 116.250 kDa, phosphorylase b 97.4 kDa, serum albumin 
66.2 kDa, ovalbumin 45 kDa, carbonic anhydrase 31kDa, trypsin 
inhibitor 21.5 kDa, lysozyme 14.4 kDa, aprotinin 6.5 kDa. (B) 
Comparison of the preparation f Richter et al. ([10]; lane a) and 
the new preparation (lane b) on a 12% SDS gel. The arrow 
indicates the additional protein band in the new preparation. 
the method of Richter et al. [10]. The spectral proper- 
ties of the new preparation are in accordance with 
those of the one previously reported, concerning re- 
duced minus oxidized, pyridine hemochrome and CO 
spectra (data not shown). Since we switched to a 
commercially available quinol analog as substrate in 
the enzyme assay, activities of both preparations are 
not directly comparable, but the purification factor 
based on enzymatic activity is in the same range. 
The qox operon codes for tour proteins; however, 
five protein bands appeared in the SDS PAG of the 
previous preparation. Peptide sequence information 
could only be obtained from subunit II, while the 
other subunits were assigned to the genes only based 
on their size [10]. Here we identify all protein bands 
by N-terminal sequencing, which all show predicted 
amino acid sequences from the qox operon (Table 2). 
Only subunit II is translated with a signal sequence, 
which is later processed, while the other subunits 
start with the predicted amino acid following the 
methionine. Subunit IV starts with the third predicted 
amino acid. N-terminal processing of subunit II seems 
to be common and is observed in the quinol oxidases 
from Acetobacter aceti, Bacillus subtilis and the 
cytochrome c oxidase from P. denitr~fi'cans [22-24]. 
The most likely explanation is that a signal sequence 
is needed for translocation of the large periplasmic 
domain across the membrane. 
Comparison of the two preparations on an SDS gel 
(Fig. 1B) shows that the new preparation contains an 
additional protein band, which is identified as a form 
of subunit I1 with the highest M r. The M r of the new 
form of subunit II as judged from SDS PAG is 
43500, being close to 41966 calculated from the 
DNA-derived amino acid sequence. Other apparently 
shorter forms, which seem to be similar to subunit II 
of the previous preparation, do not stain as inten- 
sively as the large form. The same staining pattern is 
observed when the preparation of membranes and the 
purification steps are performed in the presence of a 
set of protease inhibitors (see Section 2). The N- 
termini of all forms exhibit the same amino acid 
sequence. 
3.2. N-terminal processing of subunit H 
Richter et al. [10] speculated that the N-terminal 
cysteine residue of subunit II of the ba 3 quinol 
oxidase from P. denitrificans may be modified by 
fatty acids, because a consensus equence found at 
the processing sites of E. coli lipoproteins is present 
in this subunit as well. In lipoproteins, however, 
N-terminal processing is preceded by cysteine modi- 
fication [25]. Those modifications are also observed 
in an integral membrane protein from a phylogeneti- 
cally related organism [26]. We mutated the N-termi- 
nal cysteine to alanine, thus excluding any possibility 
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Table 1 
Purification of the ba 3 quinol oxidase from membranes of P. denitrificans train G440 
97 
Material Protein [rag] Activity Yield ~) [%] 
[U] [U/mg] 
Purification factor 
Isolated membranes 1200 
Supernatant after detergent extraction 661 
Ion-exchange chromatography 150 
Metal affinity chromatography 19 
Gel filtration 6.7 
n.d. n.d. 
1115 1.7 100 l 
988 6.6 88 3.9 
777 43 70 25 
374 55 33 32 
~) Yield based on specific activity; for details see Sections 2.2 and 3. 
of a fatty acid modification at this position. Analyses 
of an SDS PAG of the purified enzyme indicated no 
inhibition of the processing step, so that we conclude 
that none of the different forms of subunit II found in 
the wild-type enzyme is caused by unusual migration 
behaviour due to modifications with different fatty 
acids. It is interesting to note that a similar mutation 
in the bo 3 oxidase from E. coli, where a comparable 
consensus sequence is found, lead to the unprocessed 
protein (Gennis, R.B., personal communication). 
Most likely the three forms of subunit lI differ in 
their C-termini. The aa 3 cytochrome-c oxidase from 
Rhodobacter sphaeroides exhibits different forms of 
Table 2 
Alignment of the N-terminal peptide sequence of the mature 
subunits with DNA-derived protein sequence of the gene prod- 
ucts, and their M r 
subunit / ~ene product N-terminal sequence M~ 
I ATF SNETT 510001 
QoxB MATFSNETT 750722 
II- t xx2X.EVT_.~p 435001 
II-2 xKAEV 370001 
II-3 xKAEV 340001 
QoxA (aa) 18-.r.,AACKAEVI~P 419662 
UI krHATTDxM 175001 
QoxC MSHATTDTM 229072 
1v Am-ZAKAM-I 140001 
QoxD MS3~-t2k~,AK~ 139592 
(~)judged from SDS PAG; (2) deduced from DNA sequence; for 
calculating the M r of QoxA, the second possible start codon was 
used. II-l, lI-2 and II-3 refer to three different forms of subunit 
II. (aa) amino acid; x, no amino acid identified in this cycle. A 
discrepancy in the first sequencing cycle of subunit III is noted. 
subunit II as well, which could be separated chro- 
matographically [20]. Subunit II of the quinol oxidase 
from P. denitrificans was shown by DNA sequenc- 
ing to be significantly larger compared with other 
quinol oxidases [10]. One may speculate that the 
shorter forms are due to the cleavage of this exten- 
sion by a protease not affected by the set of protease 
inhibitors used. 
3.3. Metal analysis 
We assayed the copper content by two independent 
methods: (1) determination by atomic absorption 
spectroscopy ielded a ratio between 0.9 and 1.3 
copper per heme b, determined spectroscopically. (2)
Alternatively TXRF (total reflection X-ray fluores- 
cence) analysis is used to simultaneously determine 
the copper, iron and sulfur content. The sulfur value 
is used to estimate the protein amount based on the 
sum of methionine and cysteine content calculated 
from the protein sequence. Table 3 summarizes the 
results when the quinol oxidase concentration is cal- 
culated by (A) the sulfur content or by (B) dividing 
the sum of the iron and copper content by three. The 
almost identical oxidase concentrations derived by 
method A and B are taken as more evidence for the 
purity of the preparation. The results are indicative of 
a stoichiometry of two iron atoms and one copper 
atom per enzyme complex. The two iron atoms can 
be assigned to the two heroes. The value of one 
copper per complex is in agreement with the fact that 
quinol oxidases of the heme-copper family do not 
comprise a Cu A centre as can be shown by the lack 
of the ligands for this centre in subunits II of the 
quinol oxidases, but only contain Cu B in the binu- 
clear centre. 
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Table 3 
Metal content of the ba 3 quinol oxidase from P. den#rift'cans 
measured by total reflection X-ray fluorescence [16] 
A la) B (b) 
Fe:Cu Oxidase Cu:Ox Fe:Ox Oxidase Cu:Ox Fe:Ox 
ratio [nmol/ml] ratio ratio [nmol/ml] ratio ratio 
2.1 23.4 1.08 2.24 25.7 0.97 2.03 
The calculation is based on ~) the sulfur content, ~b) the sum of 
iron and copper content divided by three. 
3.4. Quinone extraction 
Quinone was extracted by two different methods. 
The extracts were analyzed by difference spectra 
(air-oxidized minus borohydride-reduced) in the UV 
region. Independently of the extraction methods the 
absorption maximum is at 272 nm which is typical 
for isolated quinones measured in the buffer used. 
The line-shape of the (ox-red) spectrum shows no 
evidence for the presence of menaquinone, but clearly 
demonstrates that ubiquinone is extracted from the 
quinol oxidase. This is in agreement with the fact that 
bacteria from the c~-subdivision of non-sulfur purple 
bacteria, to which P. denitrificans belongs, contain 
ubiquinone-10 in their membranes [27]. By quantitat- 
ing the quinone content in relation to the heme b 
content of the oxidase, ratios between 2.2 to 2.5 
quinones per heme b were obtained. The same meth- 
ods applied to the aa 3 cytochrome-c oxidase from P. 
denitrificans yielded a ratio of 0.3 quinones per 
complex. Quinone is a lipophilic molecule which 
may be bound unspecifically to contaminating phos- 
pholipids of the preparation. The phospholipid con- 
tent can be estimated by the measurement of phos- 
phorus by TXRF. The cytochrome ba 3 quinol oxi- 
dase contains 25 phospholipids, aa 3 cytochrome-c 
oxidase 12 phospholipids. Therefore it is very un- 
likely that the difference in the quinone content is 
due to a different phospholipid content. 
It has already been shown that the bo 3 quinol 
oxidase from E. coli contains quinones [7]. Depend- 
ing on sample preparation, 1.0-2.2 quinone molecules 
were found in this oxidase. Using mutants unable to 
synthesize ubiquinone, the authors showed that be- 
sides the substrate binding site (QL, most likely in 
subunit II [28]), another quinone binding site exists, 
which binds quinone much more tightly (Qn). One 
could speculate that the two quinones which are 
reproducibly found in the ba 3 quinol oxidase from P. 
denitrificans are bound to equivalents of the QH and 
QL sites in the E. coli oxidase and that these sites are 
a general feature of quinol oxidases. If, in addition to 
the two hemes and the CuB, the quinone in the QH 
site is redox-active, it may function as an analog to 
Cu A found in cytochrome-c oxidases. The quinone in 
the QL site would then be an equivalent to the mobile 
electron carrier cytochrome c. Ingledew et al. [8] 
analysed the hyperfine structure in an EPR spectrum 
of a highly stabilized semiquinone in the bo 3 oxidase 
from E. coli. They suggest hat the splitting of the 
signal may be due to a second semiquinone in a 
distance of approx. 1.5 nm. Evidence for a role of 
one quinone molecule in the enzymatic mechanism is
shown by kinetic measurements. A preparation of the 
bo 3 oxidase from E. coli containing one quinone 
molecule, was shown to exhibit multiphasic kinetics 
comparable to cytochrome-c oxidases when analysed 
by flow flash and stopped flow techniques. However, 
monophasic kinetics are observed, when the quinone 
molecule is absent from the enzyme [29]. 
3.5. EPR spectroscopy 
The ba 3 quinol oxidase was further characterized 
by EPR spectroscopy. The EPR spectrum (Fig. 2) 
clearly shows the presence of one low-spin and one 
high-spin heme component in the enzyme. The high- 
spin heme signal could be simulated with the follow- 
ing g-values and line-widths (given in parenthesis): 
gy = 6.03 (7 mT), g× = 5.97 (4 mT) and g~ = 2.00 
(10 mT). The g-values of the high-spin heine are 
typical for a nearly axial centre (rhombicity: E /D  < 
0.002). The low-spin heme signal could be simulated 
with the following g-values and line-widths: g,. = 
2.98 (3 mT), gy = 2.247 (3.3 mT) and gx = 1.495 
(16.5 roT). The g-values as well as the crystal field 
parameters of the low-spin heine (tetragonal field: 
A /h  = 3.34, rhombicity: V /h  = 1.799) are very sim- 
ilar to those of the mitochondrial cytochrome-c oxi- 
dase and the cytochrome bo 3 from E. coli, indicating 
a bis-histidyl igation of the low-spin heme centre 
[30]. The two histidine residues which ligate the 
low-spin heme in the aa 3 cytochrome c oxidase from 
P. denitrificans as shown by the crystal structure 
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Fig. 2. EPR spectrum of the ba 3 quinol oxidase from P. den#rift- 
cans. Solid line: Spectrum of the quinol oxidase. Protein concen- 
tration was 30 ixM in 20 mM KP i (pH 8), 100 mM NaCI, 1 mM 
EDTA and 0.2 g/1 dodecyl maltoside. Recording conditions were 
20.0 K, microwave power 20.0 roW, microwave frequency 9.431 
GHz, modulation amplitude 20 G. Upper dotted line: simulation 
of the high-spin heine. Lower dotted line: simulation of the 
low-spin heine. 
[31], are also conserved in quinol oxidases. Reso- 
nances characteristic for Cu A and manganese, which 
are typically observed in the EPR spectra of cy- 
tochrome-c oxidase from P. denitrificans [32], are 
obviously absent in the spectrum. This is in agree- 
ment with the metal determinations, which yielded a 
copper stoichiometry of one copper per complex, thus 
identifying the copper as the EPR invisible Cu B atom 
of the binuclear centre. In the g = 2 region an addi- 
tional resonance is observed, which, due to its relax- 
ation behaviour, can be identified as an iron-sulfur 
centre, probably of the [3Fe4S] type. However, since 
the double integral of the resonances has to be con- 
sidered for the spin determination, it is obvious that 
the oxidase preparation contains only minor amounts 
of this contaminant. This is confirmed by the metal 
analysis (see above) where no significantly elevated 
iron content could be detected. 
EPR spectra of wild-type membranes from P. 
denitrificans were already recorded by Haltia et al. 
[33]. Besides the prominent gz = 2.89 signal of aa 3 
cytochrome-c oxidase, a second peak maximum of 
significantly lower intensity was found at g = 2.97. 
When mutants of subunit III of the cytochrome-c 
oxidase were recorded, an elevated level of the g -- 
2.97 signal was measured. As already speculated by 
Haltia et al., we confirm here that this signal origi- 
nates from the ba 3 quinol oxidase. 
3.6. Optical spectroscopy 
The absolute spectra of the ba 3 quinol oxidase are 
shown in Fig. 3, upper panel. The oxidised form has 
the maximum of the Soret band at 417 nm; the 
reduced form shows a maximum at 429 nm with a 
shoulder at approx. 440 nm which can be assigned to 
the contribution of the heme a 3. In the (reduced 
minus oxidised) spectrum, the signals of heme a and 
b in the eL-region are well separated with maxima at 
563 and 609 nm while the signals overlap in the 
Soret region. Fig. 3, lower panel, shows the (reduced 
minus oxidised) spectrum of the individual heine 
components after separation according to the method 
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Fig. 3. Absorption spectra of the ba 3 quinol oxidase from P. 
denitrificans. (Upper panel) Absolute spectra of the air-oxidized 
and dithionite-reduced nzyme. (Lower panel) (Reduced minus 
oxidized) spectrum of the ba 3 enzyme and spectra calculated for 
the individual hemes by the method of Vanneste [19]. Oxidase 
concentration was 8 IxM in 20 mM KP i (pH 8), 100 mM NaC1, 1 
mM EDTA and 0.2 g/1 dodecyl maltoside, light path 5 mm. 
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Fig. 4. CD spectra of the ba 3 quinol oxidase from P. denitrifi- 
cans. Absolute spectra of the air-oxidized and dithionite-reduced 
enzyme. Oxidase concentration was 8 ixM in 20 mM KP~ (pH 8), 
100 mM NaCI, 1 mM EDTA and 0.2 g/1 dodecyl maltoside, 
light path 5 mm. 
of Vanneste [19]. The maximum of heme b in the 
Sorer region is at 430 nm and that of heme a at 442 
nm. The absorption spectra of the individual heme 
species are another confirmation that the quinol oxi- 
dase from P. denitrificans does not contain heine b 
in its high-spin site, as has been proposed by de Gier 
et al. [1]. These authors suggested that the heme 
composition varies due to different strain back- 
grounds. However, we also find heine a in the high- 
spin site in a strain where the bc I complex is not 
deleted (Zickermann, I., unpublished). 
3.7. Circular dichroism spectroscopy 
The CD spectrum of the ba 3 quinol oxidase in the 
Soret region is dominated by a strong positive band 
around 419 nm in the oxidised state and around 438 
Fig. 5. MCD spectra of the ba 3 quinol oxidase from P. denitrifi- 
cans. Absolute spectra of the air-oxidized and dithionite-reduced 
enzyme. Oxidase concentration was 8 txM in 20 mM KP i (pH 8), 
100 mM NaCI, 1 mM EDTA and 0.2 g / l  dodecyl maltoside, 
light path 5 mm. The spectra were recorded at room temperature, 
H = 0.86 T. 
nm in the reduced state (Fig. 4). The spectra re very 
similar to the CD spectra of aa 3 cytochrome-c oxi- 
dases [34]. This shows that the CD spectra are pre- 
dominantly due to contributions of the a 3 heme. This 
conclusion was confirmed by the analysis of the 
(reduced-oxidised) CD spectra of the individual hemes 
(not shown). In the CD spectra, there is no indication 
for an interaction between the transitions of both 
hemes. 
3.8. Magnetic circular dichroism spectroscopy 
MCD spectra of hemes are sensitive to the redox 
and spin state of the central iron atom [35]. Fig. 5 
shows the MCD spectra of air-oxidised and dithion- 
ite-reduced ba 3 quinol oxidase. The spectrum of the 
Table 4 
Comparison of the MCD characteristics of the ba 3 quinol oxidase from P. denitrificans and the ba 3 cytochrome-c oxidase from Thermus 
thermophilus [37] 
Redox status ba 3 quinol oxidase 
band extrema [nm] ~le/H [M I cm- IT-  i] 
ba 3 cytochrome-c oxidase 
band extrema [nm] Ae /H  [M- I cm- IT-  1 ] 
Oxidised 
Reduced 
408 80 405 42 
422.5 - 87 421 - 63 
558 16 555 22 
573 - 17 577 -13  
429.5 - 70 432 - 35 
443 219 445 117 
557.5 144 556 120 
566 -148  564 -134  
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oxidised form shows pseudo-A-terms centred at 415.5 
nm and 564 nm. These bands are characteristic for 
oxidised low-spin hemes and are similar to those 
found in other oxidised low-spin hemes, e.g., ferri-cy- 
tochrome c or ferri-cytochrome b 5. Oxidised high- 
spin hemes show only very weak MCD signals. 
The MCD spectrum of the reduced form shows a 
strong MCD-A-term centred at 561.5 nm and a posi- 
tive C-term at 443 nm. The A-term in the oL-region 
belongs to the Qo band of reduced heme b and 
clearly shows that heme b is in the low-spin state. 
The C-term at 443 nm belongs to the high-spin heme 
a 3 and is again very similar to the signal observed in 
aa 3 cytochrome-c oxidases [36]. Thus, the MCD 
spectra provide clear evidence for the presence of 
both a low-spin heme b and a high-spin heme a3, in 
agreement with the conclusion of Richter et al. [10]. 
Goldbeck et al. [37] have reported MCD spectra of 
the ba 3 cytochrome-c oxidase from Thermus ther- 
mophi lus.  The MCD bands of both ba 3 oxidases are 
compared in Table 4. Although both enzymes use 
different electron donors, their oxidised and reduced 
spectra show very similar band positions and intensi- 
ties. This is another confirmation of the close rela- 
tionship of cytochrome-c oxidases and quinol oxi- 
dases from the heme-copper family. 
4. Conclusion 
The ba 3 quinol oxidase from P. denitr i f icans was 
purified by a new protocol leading to significantly 
higher yields compared to the previously described 
protocol. The quinol oxidase contains two bound 
quinol molecules. EPR, CD, and MCD spectra con- 
firm that the oxidase is a member of the heme-copper 
family of terminal oxidases. The different chemical 
nature of the low-spin heme (heme b vs. a) allows 
one to observe both hemes eparately in the c~-region 
but does not have any obvious functional conse- 
quences. A further advantage of the ba 3 enzyme is 
that MCD spectra of b- or c-type hemes with a 
protoporphyrin IX-type ring system are far better 
understood than those of a-type hemes. Thus, the ba 3 
quinol oxidase appears to be optimally suited for 
kinetic and spectroscopic studies. 
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